Covalent modifications of histone N-terminal tails play a critical role in regulating chromatin structure and controlling gene expression. These modifications are controlled by histone-modifying enzymes and read out by histone-binding proteins. Numerous proteins have been identified as histone modification readers. Here we report the family-wide characterization of histone binding abilities of human CW domain-containing proteins. We demonstrate that the CW domains in ZCWPW2 and MORC3/4 selectively recognize histone H3 trimethylated at Lys-4, similar to ZCWPW1 reported previously, while the MORC1/2 and LSD2 lack histone H3 Lys-4 binding ability. Our crystal structures of the CW domains of ZCWPW2 and MORC3 in complex with the histone H3 trimethylated at Lys-4 peptide reveal the molecular basis of this interaction. In each complex, two tryptophan residues in the CW domain form the "floor" and "right wall," respectively, of the methyllysine recognition cage. Our mutation results based on ZCWPW2 reveal that the right wall tryptophan residue is essential for binding, and the floor tryptophan residue enhances binding affinity. Our structural and mutational analysis highlights the conserved roles of the cage residues of CW domain across the histone methyllysine binders but also suggests why some CW domains lack histone binding ability.
Histone methylation, such as lysine methylation at the ⑀-amino group at levels from mono-to trimethylation (me1-me3), has received extensive attention (5) . A number of domains bind methylated histone tails. Prominent examples include the chromodomain, Tudor domain, MBT domain, PWWP domain, and PHD domain (4, 6, 7) . The CW domain has recently been identified as a new member of the lysine methylation reader family (8 -11) .
The CW domain is a zinc binding domain, composed of ϳ50 amino acid residues with four conserved cysteine (C) and two conserved tryptophan (W) residues, and its name was derived from these conserved residues. CW domains are found in chromatin-associated proteins in animals and plants and grouped into 12 families based on sequence similarity (12) . There are seven CW domain-containing proteins in humans, namely ZCWPW1, ZCWPW2, MORC1, MORC2, MORC3, MORC4, and LSD2 ( Fig. 1A) . Prior studies have shown that the CW domains of ZCWPW1 (8) , MORC3 (10) , and MORC4 (9) are readers of H3K4 3 methylated histones with differing preferences for histone H3K4 methylation states (i.e. ZCWPW1 and MORC3 preferentially recognize histone H3K4me3 (8, 10) , whereas the CW domain of human MORC4 prefers dimethylated H3K4 (9) ). The LSD2 CW domain is required for the demethylation function of LSD2 but does not bind to any H3K4 peptides (13) . However, the underlining mechanism for these differences in the CW domain's histone binding abilities is unclear.
Among the seven known human CW domains, two had been structurally characterized in detail before (i.e. ZCWPW1 and LSD2). In this study, we quantitatively characterized the histone binding selectivity of the CW domains of the other five human proteins, ZCWPW2, MORC1, MORC2, MORC3, and MORC4. From our quantitative fluorescence polarization (FP) and isothermal titration calorimetry (ITC) binding assays, we found that the CW domains of ZCWPW2, MORC3, and MORC4 preferentially bound to H3K4me3, whereas MORC1 and MORC2 did not bind to any histone peptides, regardless of the methylation status of H3K4. We further determined the crystal structures of human ZCWPW2 and MORC3 CW domains in complex with H3K4me3 peptide and provide a structural explanation for the differences in the CW domain's histone binding abilities. Generally, an aromatic cage is a signature feature of methylation reader proteins that recognize methylated lysine, arginine, and even N 6 -methyladenosine (14) , and it is normally composed of 2-4 aromatic residues. However, our case study of ZCWPW2 revealed that only the invariant tryptophan, a cage-forming residue of the CW domain, was essential for recognition of the methyllysine residue, whereas the other cage-forming residues play roles in enhancing binding or filtering methylation states.
Experimental Procedures
Protein Expression and Purification-The zinc finger CW domains of ZCWPW2 (residues 21-78), MORC3 (residues 400 -460), MORC2 (residues 422-485), MORC1 (residues 474 -531), and MORC4 (residues 417-472) were subcloned into a modified pET28-MHL or pET28GST-lic vector. Thus encoded, N-terminal His-tagged or GST, His-tagged fusion proteins were overexpressed in Escherichia coli BL21 (DE3) Codon plus RIL (Stratagene) cells at 15°C and purified by affinity chromatography on nickel-nitrilotriacetic acid resin (Qiagen), followed by tobacco etch virus protease treatment to remove the tag. Proteins were further purified by Superdex75 gel filtration (GE Healthcare). For crystallization experiments, purified proteins were concentrated to 30 mg/ml in a buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl, 50 M ZnCl 2 , and 1 mM DTT.
Mutations were introduced with the QuikChange II XL sitedirected mutagenesis kit (Stratagene) and confirmed by DNA sequencing. Mutants were overexpressed and purified as the wild type constructs above. The molecular weight of all protein samples was checked by mass spectrometry.
ITC-Concentrated proteins were diluted with 20 mM Tris, pH 7.5, 150 mM NaCl. The lyophilized H3 peptides (Peptide 2.0 Inc.) were dissolved in the same buffer, and the pH value was adjusted by the addition of a NaOH solution. Peptide concentrations were estimated from the mass of lyophilized material. All measurements except for those of binding between MORC1 or MORC4 and H3K4 peptides were performed at 25°C, using a VP-ITC microcalorimeter (MicroCal, Inc.). Protein with a concentration of 50 M was placed in the chamber, and peptide with a concentration of 0.5-1 mM in the syringe was injected in 25 successive injections with a spacing of 180 s and a reference power of 13 cal/s. Control experiments in the absence of CW protein were performed under identical conditions to determine the heat signals that arise from injection of the peptides into the buffer. Data were fitted using the single-site binding model within the Origin software package (MicroCal, Inc.).
Due to limited protein yield, the MORC1 and MORC4 ITCs were performed using a nano-ITC microcalorimeter (TA, Inc.). Nano-ITC data should be consistent with those from the regular ITC instrument, based on ITC results of ZCWPW2 using both regular and nano-ITC instruments. GST, His-tagged fusion protein with a concentration of 50 M was placed in the chamber, and H3K4 peptide with a concentration of 0.5 mM was injected in 25 successive injections with a spacing of 120 s at 25°C. Control experiments in the absence of CW protein were performed under identical conditions to deter-mine the heat signals that arise from injections of the peptide into the buffer or into the GST, His tag only protein. Data were fitted using the independent model within the Nano-Analyze software package (TA, Inc.).
FP Assay-All peptides used for FP were synthesized and purified by Tufts University Core Services (Boston, MA) with fluorescein-labeled C termini. Binding assays were performed in 10 l at a constant fluorescein-labeled peptide concentration of 40 nM and increasing amounts of protein at concentrations ranging from low to high micromolar in a buffer of 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM DTT, and 0.01% Triton X-100. All assays were performed in duplicate in 384-well plates, using the Synergy 2 microplate reader (BioTek) with an excitation wavelength of 485 nm and an emission wavelength of 528 nm. Data were corrected by background of the free labeled peptides and fitted to the ligand binding function using GraphPad Prism version 5 software to determine the K d values.
Protein Crystallization-For cocrystallization, purified protein was mixed with H3K4me3 peptide (residues 1-15) at a molar ratio of 1:3 and crystallized using the sitting drop vapor diffusion method at 20°C by mixing 0.5 l of the protein with 0.5 l of the reservoir solution. The complex crystals were obtained in a buffer containing 2 M (NH 4 ) 2 SO 4 , 2% PEG 400, and 0.1 M Na-Hepes, pH 7.5, for ZCWPW2-H3K4me3 and 20% PEG 3350, 0.2 M NH 4 Cl for MORC3-H3K4me3. Before flashfreezing crystals in liquid nitrogen, crystals were soaked in a cryoprotectant consisting of 85% reservoir solution and 15% glycerol.
Data Collection and Structure Determination-Diffraction data were collected under cooling to 100 K at beam line 19ID of the Advanced Photon Source (Argonne, IL) and reduced with XDS (15) and SCALA/AIMLESS software (16) . Additional information on crystallographic experiments and models is listed in Table 1 . The ZCWPW2 structure was solved by single wavelength anomalous diffraction (17) with SHELXD (18) and SHELXE (19) programs. The MORC3 structure was solved by molecular replacement with the program PHASER (20) and coordinates of the ZCWPW2 crystallographic model. Arp/Warp was used for phase improvement (21) . For both crystal structures, automated model building was performed with Arp/Warp (22) . The present models were obtained through iterative manual rebuilding with COOT (23), restrained refinement with REFMAC (24), and model validation with MOLPROBITY (25) . CCP4 (26) , PHENIX (27) , PDB_EXTRACT (28) programs and the IOTBX library (29) were used in preparing model summaries (Table 1) and Protein Data Bank deposition.
conserved among these CW domains ( Fig. 1B ), suggesting divergent histone binding properties. We sought to systematically assess the ligand affinities of these human CW domain proteins and were able to prepare well behaved recombinant samples of the ZCWPW2, MORC2, and MORC3 CW domains. After codon optimization, we were able to express stable GSTtagged MORC1 and MORC4 CW domains, but we were unable to remove the GST tag, and the protein yields were low. Because the CW domain is frequently found in chromatin-associated proteins and the reported CW domains have been shown to bind histones, we screened for ligands of the ZCWPW2, MORC2, and MORC3 CW domains against our histone peptide library of histone H3 Lys-4, Lys-9, Lys-27, Lys-36, and Lys-79 and histone H4 Lys-20 peptides in different methylation states by means of FP ( Fig. 2 ). Our binding results revealed that both ZCWPW2 and MORC3 bound methylated H3K4 peptides and preferred the trimethylated state (me3) (Fig. 2, A and  B) . We did not observe MORC2 binding any tested peptides, and we also did not observe binding of ZCWPW2 and MORC3 to other tested histone peptides except for methylated H3K4 peptides ( Fig. 2E ). The interactions of ZCWPW2 and MORC3 with H3K4me3 were confirmed by ITC experiments (Fig. 2 , C and D). Due to the limitations of our MORC1 and MORC4 protein preparations, we resorted to use of a nano-ITC microcalorimeter (TA, Inc.) to analyze the preferences of MORC1 and MOCR4 for H3K4 unmodified or methylated peptides. Our binding data showed that MORC1 did not bind any H3K4 peptides, regardless of their methylation states, whereas MORC4 preferred H3K4me3 ( Fig. 2E ), distinct from a previous pull-down assay, which showed that MORC4 bound dimethylated H3K4 (9) . To determine the dependence of affinity values on methods and instrumentation, we analyzed the interaction between ZCWPW2 and H3K4me3 and determined K d values of 9.9 Ϯ 0.3, 5.0 Ϯ 0.2, and 4.0 Ϯ 0.2 M by FP, VP-ITC, and nano-ITC assays, respectively, indicating that the binding data are comparable among these different techniques. The GST tag should not affect CW binding ability significantly because the GST tag did not bind any peptides used in the study in control experiments (data not shown). In summary, ZCWPW2 and MORC3 preferred the H3K4me3 peptide with an order of K4me3 Ͼ K4me2 Ͼ K4me1 Ͼ K4me0, similar to that of ZCWPW1 (8), whereas MORC4 exhibited a binding order of K4me3 Ͼ K4me2 Ϸ K4me1 Ͼ K4me0 ( Fig. 2E ).
Structural Basis for Selective Binding of H3K4me3 by ZCWPW2 and MORC3-There are only three CW domain structures available in databases: the NMR structure of ZCWPW1-CW in complex with H3K4me3 (8), the NMR structure of AtASHH2-CW in free state (9) , and crystal structures of full-length LSD2 including the CW domain (13, 30) . To extend our understanding of the molecular mechanism of selective binding of H3K4me3 by the CW family, we solved the crystal structures of ZCWPW2 and MORC3 CW domains in complex with a H3(1-15) K4me3 peptide at 1.78 and 1.75 Å resolution, respectively ( Table 1 and Fig. 3 ). The CW domains of both ZCWPW2 and MORC3 contain a ␤-hairpin and a zinc finger with the zinc ion coordinated by a quartet of cysteine residues. In addition, the ZCWPW2 CW domain A, schematic representation of the domain structure of these proteins. B, structure-based sequence alignment of these CW domains. Secondary structure elements and residue numbers of the ZCWPW2 CW domain are indicated above the sequence alignment. The highly conserved "right wall" residues are marked by a red star; the partly conserved "floor" residues are marked by a blue star; the non-conserved "ceiling" residues are marked by a gray star. The alignments were constructed with ClustalW (45) and refined with ESPript (46) . also contains a short ␣-helix joining the ␤-hairpin and the zinc finger motifs. The H3 peptide aligns in an anti-parallel orientation with the N-terminal ␤-strand of the ␤-hairpin to form a three-stranded ␤-sheet ( Fig. 3, B and F) . The overall histone binding mode observed in the ZCWPW2 and MORC3 structures is similar to those of the previously reported ZCWPW1-H3K4me3 (8) and PHD-H3K4me3 complex structures, such as BPTF (31), ING2 (32), JARID1A (33), and MLL5 (34) .
The asymmetric unit of our ZCWPW2-H3K4me3 model comprises three CW molecules, with one CW molecule bound to the H3K4me3 peptide and the two other CW molecules forming a homodimer by anti-parallel alignment of their respective ␤1 strands (Fig. 3A ). An aromatic cage, which is normally composed of 2-4 aromatic residues, is a signature feature of methylation reader proteins that recognize methylated lysine, arginine, and even N 6 -methyladenosine (14) . Here, ZCWPW2 used 3 aromatic residues, namely Trp-30, Trp-41, and Phe-78, to read out the trimethyllysine (Fig. 3C ). However, in the CW homodimer, the aromatic cage of each monomer is occupied by the Tyr-25 side chain of the respective other monomer (Fig. 3A) . The backbones of the ZCWPW2-CW monomers, with or without peptide bound, superimpose well, with root mean square deviations around 0.5 Å (35), indicating that binding of the peptide did not induce significant conformational changes in the protein.
In the ZCWPW2-H3K4me3 complex structure, we were able to trace the N-terminal six residues of the histone peptide. The very N-terminal residue (H3A1) of the peptide is anchored in a small pocket by hydrogen bonds between the amino group of H3A1 and the main chain oxygens of His-54 and Glu-56 and the carboxylate of Glu-34 mediated by solvent ( Fig. 3C ). Deletion of H3A1 or the addition of another alanyl residue to the peptide's N terminus abrogated H3K4me3 binding, underscoring the importance of this H3A1-binding pocket to histone binding (Figs. 3D and 4 (A FIGURE 2. ZCWPW2 and MORC3 are H3K4me3 binders. A and B, the binding curves of FP measurements of different H3K4 peptides to CW domains of ZCWPW2 (A) and MORC3 (B). C and D, ITC binding curves of H3K4me3 peptides to CW domains of ZCWPW2 (C) and MORC3 (D). E, binding affinities of selected CW domains to different histone peptides determined by FP or ITC. FP K d values were calculated from duplicate measurements and fitted to ligand binding function using GraphPad Prism version 5 software. ITC K d values were calculated from single measurement, and errors were estimated by a fitting curve. and B)). Recognition of the terminal amino group could explain residual affinity of unmethylated H3K4 peptide to many H3K4 binders, such as most PHD domains (6) and SGF29 (36) , as well as the CW domains.
We believe that the guanidinium moiety of H3R2, largely unresolved by electron density, is nevertheless close to ZCWPW2-CW residue Gln-32 ( Fig. 3C) . Although the methylation state of H3R2 did not significantly affect binding, mutation to alanine in this position diminished the binding affinity significantly (Fig. 4, C-F) , stressing the importance of the positive charge of the arginine residue in binding.
Trp-30 and Trp-41 provide the floor and the right wall, respectively, of an aromatic cage recognizing trimethylated Lys-4. According to our interpretation of incomplete density, the phenyl ring of Phe-78 may act as the cage's ceiling.
Phe-78 appears disordered in the ligand-free protein chains that compose the homodimer. The backbone amino and carbonyl oxygen moieties of trimethylated Lys-4 form hydrogen bonds with the carbonyl oxygen and amino group of Trp-30 in ZCWPW2, respectively. Additional direct or solvent-mediated hydrogen bonds between the peptide and CW domain further stabilize the interaction. Of note, whereas Glu-300 in ZCWPW1 contributes to binding of H3K4me3 (8), the corresponding residue Glu-75 in ZCWPW2 appeared tolerant to mutation to an alanine, suggesting that tiny variations exist in the CW domain family on the spatial level (Fig. 5, A  and G) .
There are two MORC3-CW molecules in the asymmetric unit of the MORC3-H3K4me3 complex structure, and both MORC3-CW molecules bound the H3K4me3 peptide (Fig. 3E) . The MORC3-H3K4me3 complex resembles the ZCWPW2-H3K4me3 complex, with some notable differences. First, the aromatic cage of the MORC3-CW domain lacks the ceiling phenylalanine modeled in the ZCWPW2 complex (Fig. 3G ). This may explain the reduced MORC3 selectivity between H3K4 methylation states and led us to hypothesize that the ceiling residue was not essential for the histone binding ability of ZCWPW2 either, as discussed below. Second, the short ␣-helix of the CW domain of ZCWPW2 coincides with a deletion in the MORC3 amino acid sequence ( Figs. 1B and  3) . Compared with the ZCWPW2 complex structure, electron density for the MORC3 structure allowed us to additionally trace histone H3 Ala-7 and, under increased ambiguity, histone H3 Arg-8. In addition to interactions equivalent to those observed in the ZCWPW2-H3K4me3 complex, in our interpretation of weak electron density in the MORC3-H3K4me3 crystal, histone H3 Arg-8 is surrounded by Pro-406, Asp-407, and Gln-408 ( Fig. 3, G and H) near the N terminus of the crystallized MORC3 construct. Overall, the electron density for the H3 ligand was stronger in the MORC3 structure than that in the ZCWPW2 complex structure, consistent with a higher binding affinity for the H3K4 peptides to MORC3.
Cage-forming Residues of the CW Domain Play Distinctive Roles in Recognizing Methylated Lysine-Structural analysis and sequence alignment revealed that the cage residue Trp-41 (right wall) in ZCWPW2 is conserved in all human CW proteins. Trp-30 (floor) is also conserved except in MORC1 and MORC2, but the presumed ceiling Phe-78 residue in ZCWPW2 is divergent among the CW proteins. To test the functional importance of the trimethylated Lys-4 binding residues, we performed mutagenesis in ZCWPW2 and measured the binding affinity for different H3K4 peptides in an FP binding assay ( Fig. 5 ). First, we mutated Trp-30 to non-aromatic amino acids or histidine. We obtained similar protein yields for all of these mutants except for W30I/T/P, which produced much lower yields. In our FP assay, mutating Trp-30 to charged residues or cysteine/proline diminished the binding significantly. The other mutants also exhibited reduced binding affinity but to a lesser extent. Of note, W30L and W30M had the strongest binding affinity among these mutants in the FP assay, which was confirmed by ITC for the W30L mutant (Fig. 5B ). The bulkier leucine and methionine residues have also been found to act as cage-forming residues in other histone methyllysine binders, such as MLL5 (34) and L3MBTL1 (37) . Taken together, an aromatic residue is preferred at the Trp-30 position but is not essential. We also mutated Phe-78 to corresponding residue types of other CW members, in addition to outright Phe-78 deletion (F78del) and found that these mutations had little effect on the binding affinity ( Fig. 5, A, C, and D) . The crystal structure of the F78R mutant-H3K4me3 complex revealed that the histone peptide showed a similar binding mode to that of the wild type protein except that the side chain of the arginine is invisible (data not shown). Tolerance to substitution at this position is also consistent with our binding data of MORC3 and MORC4, which have a glutamic acid residue corresponding to Phe-78 in ZCWPW2 but still bound H3 peptides ( Fig. 2E) . Interestingly, some selectivity to the methylation state was lost after Phe-78 mutation or deletion (Fig. 5C ), resulting in a selectivity pattern similar to the ZCWPW1 W303A mutant (8) or MORC3 but not MORC4 ( Fig. 2E) . Thus, the ceiling phenylalanine appears dispensable for histone binding by the CW domain but may contribute to methylation state selectivity.
Whereas the W41A mutant was insoluble, the protein yield of W41F was similar to that of the wild type protein. The W41F mutant displayed very weak interaction with H3K4me3 (Fig.  5, A and E) , and the double mutants W30L/W41F and W30M/W41F did not detectably bind H3K4me3 (Fig. 5, A  and F) . The W30L/F78del double mutant with just a single aromatic residue (Trp-41) contributing to the cage still bound H3K4me3 peptide, as determined by ITC (Fig. 5A) . These results indicate that the invariant tryptophan cage residue (Trp-41 in ZCWPW2, right wall) is a strong determinant for binding methylated H3K4, similar to the MLL5 PHD domain (Fig. 6D) , which uses a cage of a single aromatic residue, Trp, to accommodate H3K4me3 (34) . As far as we know, MLL5 is the only identified histone binder that naturally uses a cage with a single aromatic residue to recognize methylated histones.
In summary, our systematic mutant binding survey revealed that the right wall tryptophan residue (Trp-41 in ZCWPW2) is essential for binding to H3K4me3, Trp-30 maximizes affinity among non-Tyr/non-Phe residues at the cage floor, and the ceiling residue (Phe-78) is not required for histone binding but may be involved in selection between methylation states.
Structural Comparison with Other CW Domains Explains Why Some CW Domains Lack Histone Binding Ability-Comparison of our two CW domain structures with the reported human CW domain structures, such as CW domains of ZCWPW1 (PDB code 2RR4) and LSD2 (PDB code 4HSU) confirms common core elements: a ␤-hairpin and a C 4 zinc finger (Fig. 6) . The CW domain of ZCWPW2 superimposes readily with the CW domains of MORC3, ZCWPW1, LSD2, and MLL5 FIGURE 5. Mutation of the binding cage affects H3K4me3 binding. A, binding affinities of different ZCWPW2 CW mutants to H3K4me3 peptide determined by FP or ITC. F78del, deletion of Phe-78. B and D-G, ITC curves of selected mutants to H3K4me3 peptide. C, binding affinity of selected mutants to H3K4 peptides tested by FP, showing modest methylation selectivity after Phe-78 deletion or mutation. FP K d values were calculated from duplicate measurements and fitted to a ligand binding curve using GraphPad Prism version 5 software. ITC K d values were calculated from a single measurement, and errors were estimated by fit to a curve. PHD domain (Fig. 6 ), and the electrostatic potential surfaces of ZCWPW1/2 and MORC3 feature a conspicuous and conserved cleft running across the proteins' surfaces, which is either neutral or negatively charged (Figs. 3 (D and H) and 7A). In contrast, comparison with LSD2 structures reveals an ␣helix in LSD2, distinct from the ␣-helix in ZCWPW2, that would obstruct H3A1 binding ( Figs. 6C and 7B) . Inspection of the sequence alignment and structural superimposition of ZCWPW2 and LSD2 further indicates that the bulky LSD2 side chains of Leu-136, Tyr-138, and Leu-159 could encroach on the H3 binding pocket (Figs. 1B and 6C ). Positively charged Arg-148 in LSD2 near the hypothetical H3R2 binding site may repel H3R2 (Fig. 6C) . Furthermore, the aromatic cage in the LSD2 CW domain is filled with the side chain of residues Leu-340 and Ile-343 in the adjacent SWIRM domain (30) . These observations may explain why LSD2 does not bind the H3 peptide (13) .
Besides the proteins mentioned above, there are three CWcontaining human proteins whose structures have not been determined, namely MORC1, MORC2, and MORC4. To predict the binding properties of these proteins to methylated H3K4 peptides, we built models of these proteins based on our ZCWPW2 structure ( Fig. 7, C-E) . As shown in the electrostatic potential surfaces, only MORC4 has a binding cleft for the H3K4me3 peptide ( Fig. 7E ). Sequence alignment, phylogenetic tree of human CW domain-containing proteins (11) , and analysis of the homology model's surface suggest that MORC4 closely resembles MORC3 (Figs. 1B and 7E) and should bind Lys-4-methylated H3 peptides, consistent with our ITC data and the published pull-down data (9) . MORC1 and MORC2, on the other hand, each only have one of the cage-forming residues (Trp-492 and Trp-505, respectively), corresponding to the invariant residue Trp-41 in ZCWPW2 (Fig. 7, C and D) . Ile-483 forms the floor of the MORC1 cage. Whereas we failed to obtain the corresponding ZCWPW2 W30I mutant in a form suitable for analysis, the W30L mutant was compatible with H3 binding (Fig. 5A ). Phe-482 (aligned with Tyr-138 in LSD2, which occludes histone binding in LSD2) and Ile-484 in MORC1 probably impede binding of H3K4me3 peptide (Fig.  7C) , consistent with our ITC binding data ( Fig. 2E ). MORC2 residue Thr-496 corresponds to the cage's floor position. The histone binding affinity of the corresponding ZCWPW2 W30T mutant was significantly reduced (Figs. 5A and 7D), which may explain why MORC2 did not bind to H3K4 peptide in our FP assay ( Fig. 2E) . Taken together, of the seven human CW proteins, ZCWPW1/2 and MORC3/4 are histone H3K4me3 binders, whereas MORC1, MORC2, and LSD2 lack histone H3K4 binding ability. 
Structural Comparison with Other H3K4me3
Readers-ZCWPW2 residue Trp-41, separating the side chains of trimethylated H3K4 and H3R2, is invariant in all of the human CW domains (Fig. 1B) . Although the sequences and structures of the CW and PHD domains are diverse, they have similar cores (Fig. 8A) , and the Lys-4/Arg-2-separating tryptophan is also highly conserved in the PHD domains, where it plays a similarly important role, such as in BPTF (31) , ING2 (32), PHF2 (38) , and MLL5 (34) (Fig. 8B) . Accordingly, the W32F mutation in BPTF reduces affinity Ͼ20-fold (31), similar to our data for the ZCWPW2 W41F mutant (Fig. 5E ). The W29A mutation in PHF2 (38) and the W141A mutation in MLL5 (34) disrupt the binding. These results indicate that the interaction between the H3K4me3 binder and H3K4me3 depends not only on the aromaticity of this cage residue but also on the type of aromatic ring. In addition to the CW and PHD domains, some proteins of the Royal superfamily also bind to H3K4me3, such as SGF29. However, the aromatic cage of SGF29 does not have a tryptophan residue but rather two tyrosine residues (Fig. 8B) , and mutating any aromatic residue to alanine disrupts its histone binding ability (36) .
The H3A1 binding pocket is also conserved in most H3K4me3 readers. This pocket is located on the loop between the second and third zinc-coordinating cysteine residues of the CW domain. The N-terminal amino group of H3A1 forms hydrogen bonds with backbone carbonyl moieties within the CW domain (Fig. 3, C and G) . The corresponding loop is also conserved in the PHD domain, where it is located between the fifth and sixth zinc-coordinating cysteine residues ( Fig. 8A ) (31) (32) (33) (34) 38) . In these binding pockets, the free N terminus is essential for H3K4me3 recognition. In contrast, the double chromodomains of CHD1, which adopt a shallow and open pocket to interact with the free N-terminal amine of H3K4, tolerate a non-structural protein 1 of influenza virus (NS1) C-terminal mimicking peptide after a conformational change of the peptide (39) .
The GATA-like Finger, CW Domain, and PHD Domain Are Basic Structure Units, Which Can Be Further Assembled into the LIM Domain, ADD Domain, and PZP Domain-When the first three-dimensional structure of the CW domain of ZCWPW1 was determined, it was found that the CW domain and PHD domain share a homologous substructure, composed of the ␤-hairpin and the second zinc knuckle in the PHD domain, and that the CW domain is more closely related to the PHD domain than to other known zinc fingers. More importantly, both the CW domain and PHD domain bind to histone H3K4me3 in a similar manner (8, 31, 32) . In addition, we also notice that another type of zinc finger is highly related to the PHD domain (i.e. zinc fingers of the erythroid transcription factor GATA-1, which is composed of the first zinc knuckle in the PHD domain and a ␤-hairpin and can bind to DNA) (40) . To some extent, we can recognize the CW domain and GATA-like finger as two types of variant of the PHD domain ( Fig. 9 , A-C). From this view, the LIM (Lin11/Isl-1/Mec-3) domain, which shares a similar arrangement of zinc-binding cysteines and histidines with the PHD domain but adopts distinct tertiary structure (41) , could be recognized as two tandem GATA-like fingers (Fig. 9D ). In addition, the ADD (ATRX-DNMT3-DNMT3L) domain is a fusion of a GATA-like finger and a PHD domain and can bind to unmethylated H3K4 in a similar manner ( Fig. 9E) (42) . Most recently, two structures of the PZP (PHD-Zn-PHD) domain have been reported, in which two PHD domains are connected by a GATA-like finger (43, 44) . For the BRPF1 PZP domain, the first PHD domain is used to bind unmethylated H3K4 ( Fig. 9F) (43) , whereas the AF10 PZP domain requires all subdomains to bind a region of histone H3 that spans amino acids 15-34 (44) , suggesting that intrinsic varieties are present in these domains. Overall, we propose that the GATA-like finger, CW domain, and PHD domain are basic structure units and that they can be further assembled into the LIM domain, ADD domain, and PZP domain. Of all of these structure modules, a CW-type subunit is required (but not suf- A, sequence alignment of selected CW and PHD domains. Secondary structure elements of the ZCWPW2 CW domain are indicated above the sequence alignment. The highly conserved cage "right wall" residues are marked by a red star; the other cage-forming residues are marked by blue stars or highlighted in blue. The residues recognizing H3A1 are highlighted in orange. The alignments were constructed with ClustalW (45) . B, comparison of H3K4me3 binding cage in ZCWPW2 and other H3K4me3 readers' cages. ficient) to bind the N terminus of histone H3 with lysine 4 methylated or unmodified. From structural and functional views, we propose that the CW domain belongs to an extended superfamily.
In conclusion, our combined structural analyses and histone binding experiments for ZCWPW2, MORC1, MORC2, MORC3, MORC4, and systematically designed mutants of ZCWPW2 reveal that, of the seven human CW domains, ZCWPW1/2 and MORC3/4 are capable of binding methylated H3K4 histones, whereas MORC1/2 and LSD2 lack a proper aromatic cage or have structural impediments, preventing methyllysine peptide recognition. Of the three cage-forming residues in the CW domain, only the invariant tryptophan residue of the CW domain is essential for recognition of the meth- yllysine side chain, whereas the other two cage residues may infer selectivity for specific methylation states or enhance binding, respectively.
